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RNA helicasea b s t r a c t
The Nrd1–Nab3–Sen1 (NNS) complex terminates transcription of non-coding RNA genes and medi-
ates degradation of the produced transcript by the nuclear exosome. The NNS complex also
represses some stress response genes, by stimulating premature termination. A well-characterized
stress response in yeast is flocculation, where cells aggregate to form flocs under expression of
lectin-encoding genes designated as FLOs. In this study, we demonstrated the role of the NNS com-
plex and Rrp6p in the expression of flocculation genes: FLO1, FLO5, FLO9, and FLO10. Furthermore, a
deletion mutant of the RNA processing machinery (RNT1), and SEN1 mutants that are unable to
interact with Rnt1p, exhibit a flocculation phenotype. In summary, we have identified a cooperative
role of Rnt1p, Rrp6p and the NNS complex in the repression of FLO genes.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Yeast flocculation is a process wherein a large number of yeast
cells aggregate to form clumps, or flocs, that accumulate at the bot-
tom of the liquid growth substrate in which they are suspended
[1,2]. This aggregation is mediated by specific cell surface lectins,
called flocculins. Yeast flocculation is also defined as a social
behavior, wherein a cell directs resources to other cells under unfa-
vorable environmental conditions in order to increase the chances
of survival of the entire cellular community [3]. The complex phe-
nomenon of flocculation depends on the expression of members of
the FLO gene family. Nutritional stress and other environmental
stresses, such as a high concentration of ethanol, influence the
expression of these genes [4]. In addition to flocculation, expres-
sion of FLO genes also mediates other cell wall-dependent pheno-
types, including cell–cell adhesion, biofilm formation, and cell-
surface hydrophobicity [5–8]. Aggregates, formed due to floccula-
tion, can be dispersed by adding specific sugars to the culture med-
ium, such as mannose or EDTA (ethylenediaminetetraacetic acid)
[9,10]. Saccharomyces cerevisiae encodes five distinct functionalFLO genes: FLO1, FLO5, FLO9, FLO10, and FLO11 [11,12]. Flo8p is a
transcription factor and not directly involved in flocculation [13].
Flo11p is involved in flocculation and the formation of fibrous
interconnections between cells in a colony of wild-type S. cerevisiae
[14]. Flo11p is transcriptionally regulated by the mitogen-
activated protein kinases (MAPK) (via Ste12p and Tec1p) and cyclic
AMP (via Flo8p) pathways [14,15]. Its expression is generally
affected by the expression of acetyltransferases, Sir2p and Gcn5p
[16]. In contrast, deletion of the acetyltransferase, Sas2p, enhances
the expression of FLO5 [16]. Expression of FLO1 is regulated at the
level of the promoter; its promoter site is characterized by an
extensive array of deacetylated nucleosomes that are established
or maintained by Cyc8p-Tup1p together with Rpd3p and Hda1p,
and that inhibit histone acetylation, block Swi/Snf binding, and pre-
vent transcription [17]. The FLO1 gene of S. cerevisiae contains
many tandem repeats, which significantly affect the expression
of FLO1 in response to changes of pH, temperature, or concentra-
tion of mannose in the environment [18]. Reduction in ribosomal
levels in fission yeast is linked to flocculation, but the molecular
mechanism is not fully understood [19].
Sen1p is a well-studied transcriptional termination factor in S.
cerevisiae. It is a nuclear superfamily 1 RNA/DNA helicase that is
encoded by an essential gene SEN1. It is a key component of the
NNS complex that terminates transcription of most non-coding
transcripts, like small nuclear (sn) and small nucleolar (sno) RNAs,
and some coding transcripts at RNA polymerase pause sites
[20–23]. The NNS complex interacts with the Trf4/Air2/Mtr4p
Table 1
List of strains used in this study.
Relevant genotype Strain Reference or source
1 4741 MATa leu2D0 ura3D0 his3D1 met15D0- WT (BY 4741) Yeast deletion collection (O.B.)
2 sen1-1 (G1747D) Derived from FWY1
(MATa ura3-52 leu2-3, _112 pep4-3 trp1 sen1-1)
sen1-1 [31]
3 sen1-2 (D1–975) Derived from DDY86
(MATa ade2-101 his3-200 lys2-801
trp1-D1 ura3-52 leu2-D1T sen1-2)
sen1-2 [47]
4 sen1-K128E Derived from JFY41
(MATa leu2D ura3D his3D1 trp1D sen1-K128E)
sen1-K128E [33]
5 sen1-R302W Derived from DUY1513
(MATa leu2D ura3D his3D1 met15D sen1-R302W)
sen1-R302W [33]
6 RNT1 MATa lys2D0 ura3D0 his3D200 leu2D0 RNT1 [51]
7 rnt1D MATa lys2D0 ura3D0 his3D200 leu2D0 rnt1D::HIS3 rnt1D [51]
8 YJC610 MATa ura3D0 his3D1 leu2D0 met15D0
LYS2 nrd1D::KAN (pJC580 [LEU2 NRD1-HA])
Nrd1-HA Dr. J. Corden’s Lab, Genetics, 154, 557–571 (February 2000)
9 YJC1107 MATa ura3D0 his3D1 leu2D0 met15D0
LYS2 nrd1D::KAN (pJC720 [LEU2 nrd1-102)
nrd1-102 Dr. J. Corden’s Lab, Genetics, 154, 557–571 (February, 2000)
11 DY30229 MATa ura3D0 his3D1 leu2D0 nab3D0::kanMX nab3-11 Dr. Daniel Reines, Lab, J. Biol. Chem., 2013,
Nov 22, 288(47), 34158–34167
12 ACY1641 MATa leu2D ura3D his3D TRP1 RRP6::KAN rrp6D rrp6D Dr. Anita H. Corbett’s Lab, J. Biol. Chem., 2011 Oct 28,
286(43), 37429–37445
Table 2




5 Flo1 – 50 – F GGCAGTCTTTACACTTCTGGC
6 Flo1 – 50 – R TGTCCTCCGACAGAACCTAGT
7 Flo5 – 50 – F TGCATATTTTTGGTAATCTTGGCCT
8 Flo5 – 50 – R TGTCCTCCGACAGAACCTAGT
9 Flo9 – 50 – F CCATCGTCACATTGCTGGGA
10 Flo9 – 50 – R TTTGTCCTCCGACAGAACCC
11 Flo10 – 50 – F GTTTGCCAGCTGGAGAGAAG
12 Flo10 – 50 – R CCTGGGAAGCGCTATATTCA
13 Flo1 – 30 F TACCGGTGAGACAACAACCA
14 Flo1 – 30 R TGTTGCCAGTTTCGGATACA
15 Flo5 – 30 F TAACAAGTTCCGGGTTGAGC
16 Flo5 – 30 R CAGCAATAAGGACGCAATGA
17 Flo9 – 30 F TGTATCCGAAACTGGCAACA
18 Flo9 – 30 R CAGCAATAAGGACGCAATGA
19 Flo10 – 30 F TTGTGACTCCATCCTCCCCT
20 Flo10 – 30 R AGTGGTGCGATCACGAGAAA
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some mRNAs, snRNAs, snoRNAs, and cryptic unstable transcripts
(CUTs) [24]. Nrd1p and Sen1p function by interacting with differ-
ent phosphorylated forms of the C-terminal domain (CTD). Two
different mechanisms were reported for the association of Sen1p
with Rpb1p: either direct binding to the Ser2-phosphorylated
CTD or through indirect interaction with the Ser5-
phosphorylated CTD as a component of the NNS complex [25].
Another mechanism was recently proposed, wherein exchange of
Nrd1p and Pcf11p on chromatin facilitate RNA Pol II pausing and
CTD Ser2 phosphorylation, promoting. Sen1p activity that is
required for NNS-dependent transcription termination in vivo
[26]. Sen1p interacts with Glc7p, the yeast protein phosphatase 1
and a component of the cleavage and polyadenylation factor
(CPF). Glc7p can dephosphorylate Sen1p in vitro, which might
affect NNS complex functionality [27]. Sen1p is reported to have
different functions, which are separable from its role in RNA pro-
cessing, including its involvement in resolving R-loops, DNA–RNA
hybrids that form due to replication forks clashing with RNA Pol
II transcription [28,29]. Sen1p interacts with Srs2p, a DNA helicase
protein that prevents DNA recombination and chromosomal rear-
rangements to maintain genomic integrity [30]. Sen1p also inter-
acts with Rad2p and Rpo21p to assist in transcription,
transcription‐coupled DNA repair, and RNA processing [31]. The
NNS complex also attenuates transcription of some coding genes,
such as FKS2, which is overexpressed in stress conditions [32].
Sen1p specifically interacts with Rnt1p (RNase III), an endoribonu-
clease, and with Rpb1p (Rpo21p), a subunit of RNA polymerase II,
through its N-terminal domain. Rnt1p is a key component of the
RNA processing machinery that interacts with residue K128 on
Sen1p [31], and Rpb1p interacts with residue R302 on Sen1p
[33]. Mutations to either K128 or R302 of Sen1p in S. cerevisiae
cause the accumulation of tRNAs, rRNA precursors, and some
snRNAs [33]. Mutations in human Senataxin (SETX), an ortholog
of yeast SEN1, causes severe neurological disorders, including
ataxia with oculomotor apraxia (AOA) and juvenile amyotrophic
lateral sclerosis (ALS) [34–36]. Introduction of the same mutations
in yeast SEN1 perturbed the interaction between Sen1p and Rpb1p
[31].
In the present study, we investigated the role of Sen1p in the
regulation of flocculation. We have shown that all of the individual
members of the NNS complex are required for the regulation of
flocculation. Our results revealed that mutations in SEN1 induce
upregulation of the FLO genes. Interestingly, mutations thatinterfere with the interaction between Sen1p and Rnt1p or dele-
tion of RNT1 also induced upregulation of FLO1, FLO5, FLO9, and
FLO10.
2. Materials and methods
2.1. Strains, chemicals, growth media, and conditions
The S. cerevisiae strains used in this study are listed in Table 1.
All chemicals used in this study were purchased from Sigma
Aldrich. For making synthetic complete (SC) media, all amino acids,
YNB (yeast nitrogen base) and ammonium sulfate were mixed by
following a standard protocol as described elsewhere [37]. Yeast
strains used in this study were grown at 24 C, unless otherwise
stated, in SC media containing 2% dextrose (SCD). For making
solid-agar plates, 2% agar was added to SCD [38].
2.2. Complementation of SEN1 mutants with wild-type (WT) SEN1
The sen1DN and sen1-1 mutant strains were transformed with
the pJF9 plasmid [33] containing a full-length WT SEN1 gene using
the lithium acetate (LioAC) transformation method [39]. Transfor-
mants were grown in dropout media plates devoid of uracil, and
were confirmed by polymerase chain reaction (PCR).
Fig. 1. Mutations in SEN1 induce non-sexual flocculation in haploid mutant cells. (A) Image showing flocculation of WT, sen1-1 (24 C and 37 C), sen1DN, sen1-K128E, and
sen1-R302W mutant strains in petri dishes. Complementation of full-length SEN1 in mutant cells reverts the flocculation phenotype. The sen1-1 (SEN1) (37 C) and sen1DN
(SEN1) cells do not show flocculation in petri dishes. Cells were first grown in SC media at 24 C followed by addition of 3 mL of culture media containing cells into 30 mm
petri plates after OD600 was adjusted to 2. Images were taken at 0, 5, 10, 15, and 30 min. (B) Flocculation activity of WT, sen1-1 (24 C and 37 C), sen1DN, sen1-K128E, and
sen1-R302W cells cultured in SC medium. The flocculation activity was determined by measuring the sedimentation rate using the optical density (OD600) of the top layer of
the cell suspension after 10 min of settling. Each value represents the mean and standard deviation of three independent experiments. (C) TEM image of sen1DNmutant cells
showing adherent cells as a result of flocculation.
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Flocculation was observed using the same method as described
previously [40] with some modifications. Briefly, 3 mL of cell cul-
ture (OD600 = 2.0) was placed in a petri dish and images were taken
with an HP scanner after 0, 5, 10, 15 and 30 min. Flocculation was
measured using the method described by Bony et al. [41] with
minor modifications. Briefly, yeast cells were deflocculated by
two washes in 50 mM sodium acetate, pH 4.5, 5 mM EDTA
(ethylenediaminetetraacetic acid) buffer and twice with distilled
water. Cells were resuspended in flocculation buffer (50 mM
sodium acetate, 5 mM CaCl2, pH 4.5) while the OD600 was adjusted
to 2.0 and incubated at 100g for 30 min (Ca2+ ions induce floc-
culation). Approximately 5 mL of cell suspension was added to
10 mL tubes and kept vertically and undisturbed for 10 min to
allow for settling, and 0.3 mL of the samples were taken from just
below the meniscus and the OD600 was determined using spec-
trophotometer. Percentage of flocculation (F) was determined by
the following equation: F = (1  B/A)  100%, where ‘A’ is the
absorbance at 600 nm immediately before cells were shaken in
flocculation buffer and ‘B’ is the absorbance at 600 nm after the
flocculation settled for 10 min. The percentage of flocculation
was represented as a mean of three independent measurements.
2.4. Isolation of total RNA and real-time PCR
Exponentially growing wild-type and mutant yeast cells were
harvested at OD600 = 1.5. Total RNA was extracted by a heat/freeze
phenol method as described earlier [42,43]. Approximately 1 lg oftotal RNA was reverse transcribed to synthesize cDNA using a High
Capacity RNA-to-cDNA kit (Bio-Rad) according to the manufac-
turer’s instructions. Real-time PCR experiments were performed
as described earlier [44] with slight modifications by using SYBR
green mix (Roche Diagnostics) in an ABI real-time PCR instrument.
Sequences of all primers used in this study are mentioned in
Table 2. Melting curve analysis was performed for each primer
pair, and relative changes in mRNA levels between control and
mutants were calculated by using the 2DDCT method [45]. Actin
was used to standardize transcript levels. Data represent the means
and standard deviation of the results of three independent
experiments.
2.5. Transmission Electron Microscopy (TEM)
TEM was performed with WT and sen1DN mutant following a
standard protocol as described previously [46].
3. Results
3.1. Mutations in SEN1 induce non-sexual flocculation of laboratory
strains
Sen1 alleles that affect function (sen1-1) or protein interactions
(sen1-K128E, sen1-R302W, and sen1DN) were reported previously
[31]. The sen1-1 mutation (G1747D) is present in a conserved
ATP-helicase region of SEN1, and this single base change results
in a heat-sensitive mutation that alters the cellular abundance of
many RNA species [31]. The sen1DN mutation produces a stable,
Fig. 2. Upregulation of FLO1, 5, 9, and 10 transcripts in Sen1p mutants. (A–D) The RT-qPCR quantification of total FLO1, 5, 9, and 10 transcripts was performed with WT, sen1-1
(24 C and 37 C), sen1DN, sen1-K128E, and sen1-R302W cells cultured in SC medium at 24 C unless mentioned otherwise. Complementation of full-length SEN1 in mutant
cells reverts the increased expression of FLO genes. The RT-qPCR quantification of total FLO1, 5, 9, and 10 transcripts was performed before and after complementation with
full-length wild-type SEN1 (pJF9) in sen1-1 (24 C and 37 C) and sen1DN mutant (shown as grey bars) strains grown in SC media at 24 C. Actin was used to standardize
transcript levels. The schematic diagram below the graph (A, B, C, and D) shows the position of the amplicon (black shaded region) that was used for RT-qPCR. (E) The RT-qPCR
quantification of total FLO1, 5, 9, and 10 transcripts was done with WT grown at 24 C and 37 C. Asterisk represents significant difference at P-value <0.05. Error bars
represent standard deviation. Each value represents the mean and standard deviation from three independent experiments. ACT1 was used for normalization.
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Sen1p [47]. This deletion removes the binding domains required
for interactions with the RNase III cleavage enzyme, Rnt1p, and
the RNA polymerase II subunit, Rpb1p. Selected point mutations
in the SEN1 N-terminal region reduce the binding affinity of Sen1p
with its interaction partners. For example, previous reports indi-
cate that sen1-K128E and sen1-R302W impair the Sen1p–Rnt1p
and Sen1p–Rpb1p interactions, respectively [33]. A number of phe-
notypes result from impairing Sen1p’s activity or interactions.
Upon N-terminal truncation of Sen1p (sen1DN), yeast cells grow
50% slower than WT cells [48]. Surprisingly, when sen1DN cells
were cultured in SC medium, they aggregated to form floccules
(Fig. 1A); however, flocculation was not observed for WT cells
grown in the same medium. We tested whether other mutants of
SEN1 can also form floccules. We cultured sen1-1 (at permissive
[24 C] or restrictive [37 C] temperatures), sen1-K128E, and sen1-
R302W in SC medium. We found that sen1-1 grown at 37 C and
sen1-K128E formed floccules robustly compared to WT and sen1-
R302W (Fig. 1A). We used the flocculation assay to quantify the
percentage of flocculating cells in culture medium (Fig. 1B). The
sen1-1 (grown at 37 C), sen1DN, and sen1-K128E mutants showed
60.2%, 50.0%, and 42.7% flocculation, respectively, which werehigher than the 18.0% and 26.3% flocculation shown by WT and
sen1-R302W cells, respectively.
To rule out the possibility that flocculation occurred due to a
cell separation defect, we examined flocculating sen1DN mutants
by transmission electron microscopy (TEM). We were able to
observe clear and distinct cell walls between adherent cells
(Fig. 1C). These results suggested that Sen1 is responsible for the
flocculation phenotype in mutant cells.
3.2. Sen1p mutation provokes upregulation of FLO genes
Because we observed flocculation in SEN1 mutants, we exam-
ined the expression of flocculins using RT-qPCR. Flocculins are
specific cell-surface proteins that mediate flocculation in
S. cerevisiae by binding directly to mannose residues that are
present on adjacent yeast cell walls [49]. Major genes that encode
flocculins are FLO1, FLO5, FLO9, FLO10, and FLO11. We analyzed the
expression of FLO1, FLO5, FLO9, and FLO10 in sen1-1 (grown at
24 C), sen1-1 (grown at 37 C), sen1DN, sen1-K128E, and
sen1-R302W mutants (Fig. 2A–D). FLO1, FLO5, FLO9, and FLO10
expression was upregulated in sen1-1 (grown at 37 C), sen1DN,
and sen1-K128E cells, which correlates with their flocculation
Fig. 3. Rnt1p is required for the regulated expression of flocculation. (A) Flocculation of WT and rnt1D mutant strains in petri dishes, cells were first grown in SC media at
24 C and then 3 mL of culture media containing cells were poured in a 30 mm petri plate after OD600 was adjusted to 2. Images were taken at 0, 5, 15, and 30 min. (B)
Flocculation activity of WT and rnt1D cells cultured in SC medium at 24 C. The flocculation activity was determined by measuring the sedimentation rate using the optical
density (OD600) of the top layer of the cell suspension after 10 min of settling. (C) The RT-qPCR quantification of total FLO1, 5, 9, and 10 transcripts in WT and rnt1D cells
cultured in SC medium at 24 C, (D) The RT-qPCR quantification of total FLO1, 5, 9, and 10 transcripts in sen1-K128E and sen1-K128E transformed with pJF12 (RNT1). ACT1was
used to standardize transcript levels. Each value represents the mean and standard deviation from three independent experiments.
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higher in sen1-1 cells (grown at 37 C) because the mutation
located in the helicase domain causes loss of Sen1p function at
an elevated temperature [50]. To rule out that FLO genes are
non-specifically induced in sen1-1 due to a temperature increase
(37 C), we cultured WT cells at 24 C and 37 C and analyzed the
expression of all FLO genes. We have observed change in the
expression FLO1 and 5 at elevated temperature but the change
was not that robust as it was in case of sen1-1 (Fig. 2E).
To rescue the flocculation phenotype we transformed highly
flocculating sen1DN and sen1-1 mutants with pJF9, which carries
the WT SEN1 gene [25,31]. We did not observe flocculation with
sen1DN (SEN1), sen1-1 (SEN1), or WT cells. These results confirmed
that non-sexual flocculation in sen1DN or sen1-1 cells were due to
the loss of Sen1p function. We used RT-qPCR to measure FLO1,
FLO5, FLO9, and FLO10 transcript levels in sen1DN (SEN1) and
sen1-1 (SEN1) cells. As expected, the expression of these genes
returned to levels similar to those in WT cells (Fig. 2A–D). There-
fore, our findings suggest that Sen1p represses expression of FLO
genes.
3.3. Nrd1–Nab3–Sen1 complex regulates FLO gene expression
We have observed flocculation in sen1-K128E cells, which were
unable to process transcripts because of an impaired interaction
with Rnt1p [33]. This result agreed with other studies which
reported that Rnt1p regulates gene expression by degrading vari-
ous coding RNAs [51]. Thus, we predicted that Rnt1p might be
involved in the processing of FLO1, FLO5, FLO9, and FLO10 mRNAs.
To test this hypothesis, we first examined WT RNT1 and rnt1D cellsfor flocculation, and observed extensive flocculation in rnt1D cells
(Fig. 3A). Furthermore, rnt1D and WT cells showed 67.6% and
24.1% flocculation, respectively, in flocculation assay (Fig. 3B).
We also detected a significant increase in mRNA levels of FLO1,
FLO5, FLO9, and FLO10 in rnt1D cells, indicating a role for Rnt1p
in the regulation of FLO genes (Fig. 3C).
As Sen1p and Rnt1p are known to interact with each other [33],
we examined whether this interaction is required for FLO gene
expression. We hypothesized that the overexpression of Rnt1p in
the sen1-K128E mutant, which is unable to interact with Rnt1p,
should rescue the overexpression of FLO genes. To test this
prediction we transformed pJF12 plasmid carrying WT RNT1 into
sen1-K128E mutant cells. We performed RT-qPCR to detect the
expression of FLO genes. We observed a decrease in the
expression of FLO genes after overexpression of Rnt1p (Fig. 3D),
suggesting that a defect in Rnt1p recruitment is responsible for
the flocculation phenotype of the sen1-K128E mutant.
Since the NNS complex is required for premature transcription
termination, and therefore repression, of several protein-coding
genes, we studied its role in regulation of flocculation genes. We
cultured nrd1-102 and nab3-11, temperature-sensitive mutants of
NRD1 and NAB3 [52,53], at 37 C, which formed floccules robustly
(Fig. 4A). The nrd1-102 and nab3-11 mutants showed 51.3% and
72.2% flocculation, respectively (Fig. 4B). Furthermore, we analyzed
the expression of FLO genes in these mutants. We cultured WT and
mutants at 37 C and performed RT-qPCR to analyze the expression
of FLO genes. We observed an upregulation of FLO genes, suggest-
ing a role of the NNS complex in the regulation of FLO gene expres-
sion (Fig. 4C and D). Altogether, our results support a role for the
NNS complex in the molecular mechanism of flocculation.
Fig. 4. Nrd1p and Nab3p, the components of the NNS complex are also required for flocculation. (A) Flocculation of WT, nrd1-102, and nab3-11mutant strains in petri dishes;
cells were first grown in SC media at 37 C and then 3 mL of culture media containing cells were poured in a 30 mm petri plate after OD600 was adjusted to 2. Images were
taken at 0, 5, 15, and 30 min. (B) Flocculation activity of WT, nrd1-102, and nab3-11 cells cultured in SC medium at 37 C. The flocculation activity was determined by
measuring the sedimentation rate using the optical density (OD600) of the top layer of the cell suspension after 10 min of settling. (C and D) The RT-qPCR quantification of total
FLO1, 5, 9, and 10 transcripts was done with WT, nrd1-102, and nab3-11 grown initially at 24 C and transferred to 37 C and incubated for 3 h, after OD600 reached 0.8.
3170 V. Singh et al. / FEBS Letters 589 (2015) 3165–31743.4. Rrp6 deletion causes upregulation of FLO genes without exhibiting
flocculation phenotype
As a component of nuclear exosome machinery Rrp6p mutants
are defective in degradation of prematurely terminated RNA during
transcription [24,54]. We cultured rrp6D mutant cells to test
whether FLOs mRNA are degraded by Rrp6p or not. We have
detected the upregulation of FLO1, 5, 9 and 10mRNA in rrp6D (exo-
somal mutant) cells (Fig. 5A). Moreover, we have performed the
flocculation assay and plate assay, and our results revealed that
there is no flocculation in rrp6D (Fig. 5B and C). We reasoned the
non-appearance of flocculation is due to the formation of cryptic
unstable transcripts (CUTs) therefore, we tested the presence of
CUTs for FLO gene in WT, rrp6D, rnt1D and NNS complex mutants.
To measure CUTs for FLO genes we designed primers for extreme 50
(designated as Head) and extreme 30 (designated as Tail) regions of
FLO1, 5, 9 and 10 ORFs. We cultured WT, sen1-1, sen1-2, sen1K128E,
nrd1-102, nab3-11 rnt1D and rrp6D cells in SC medium and ana-
lyzed FLO gene expression by RT-qPCR using above mentioned pri-
mer sets. We found enrichment for extreme 50 region of FLO1, FLO5,
and FLO9 in rrp6D cells, while both the 50 and 30 regions for FLO1, 5,
9 and 10 were enriched in sen1-1, sen1-2, sen1K128E, nrd1-102,
nab3-11 and rnt1D cells (Fig. 6A–D). Interestingly, we found
enrichment of both the 50- and 30-regions of FLO10 transcripts in
rrp6D cells (Fig. 6D), suggesting transcription of FLO 10 gene is
not prematurely terminated by NNS-complex. Altogether, our
result revealed the collaborative role of NNS complex, Rnt1p and
Rrp6p to maintain the levels of FLOs gene.4. Discussion
Yeast cells have a remarkable ability to form complex structures
(flocs) that enable them to adhere to different surfaces, cells, and
tissues. Flocculation is governed by FLO genes and quite a few floc-
culation activators and suppressor genes have been described in
literature [11]. FLO genes appears to be regulated by upstream
genetic elements where different activator and repressor proteins
are known to bind including Set1 (COMPASS) methylation complex
[55] and Histone deacetylases (HDACs) such as Gcn5p, Had1 [56];
however, the mechanisms that control this complex process is not
fully understood. Our current study sheds light on the process of
flocculation control by identifying Sen1p as a novel regulator.
Yeast Sen1p is a well-studied protein known to function in dif-
ferent transcriptional and/or co-transcriptional events [33]. Previ-
ously, Sen1p mutants were generated to characterize it’s in vivo
functions: sen1-1 mutation (G1747D) leads to a temperature-
sensitive phenotype that alters the cellular abundance of many
RNA species [57], and sen1DN (truncation of the first 975 amino
acids of Sen1p) abolishes its interactions with Rnt1p and Rpb1p
[31]. Our results revealed that both of these Sen1p mutants
(sen1-1 and sen1DN) exhibited a flocculation phenotype (Fig. 1).
The flocculation phenotype exhibited by sen1DN cells indicates
the requirement of protein–protein interactions, since the deletion
of the N-terminal domain of Sen1p leads to the loss of interactions
with its interacting partners. To identify the specific interactions
that are responsible for flocculation, we tested sen1-K128E and
Fig. 5. Role of Rrp6p in flocculation (A) The RT-qPCR quantification of total FLO1, 5, 9 and 10 transcripts in WT and rrp6D cells cultured in SC medium at 24 C, ACT1was used
to normalize transcript levels. Each value represents the mean and standard deviation from three independent experiments. (B) Percentage flocculation activity of WT and
rrp6D cells cultured in SC medium at 24 C. The flocculation activity was determined by measuring the sedimentation rate as the optical density (OD600) of the top layer of the
cell suspension after 10 min of settling. (C) Flocculation Plate Assay: WT and rrp6D cells cultured in SC medium at 24 C and then 3 mL of culture media containing cells were
poured in 30 mm petri plate after OD600 was adjusted to 2. Images were taken at 0, 5, 10, 15 and 30 min.
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and Sen1–Rpb1 interactions [33], respectively) mutants using a
flocculation assay. Only the sen1-K128E mutant formed floccules
robustly, suggesting that the disruption of interaction between
Sen1p and Rnt1p promotes flocculation (Fig. 1A). Previous studies
have indicated that Rnt1p, which possesses endonuclease activity,
regulates a number of protein-coding genes by limiting the num-
ber of active transcripts [51]. Furthermore, overexpression of
Rnt1p in sen1-K128E rescues the flocculation phenotype, suggest-
ing the importance of the interaction between Sen1p and Rnt1p
in flocculation. This finding supports our result that Rnt1p is
involved in the processing and degradation of FLO transcripts, as
demonstrated by flocculation in rnt1D cells (Fig. 3C). We also
explored the possibility of an impairment in transcriptional termi-
nation (Fig. 2), using the sen1-R302W mutant which disrupts the
Rpb1–Sen1 interaction [25,33]. Our results revealed that the
expression of FLO genes is not upregulated in the sen1-R302W
mutant, which agrees with a previous report wherein no major
defects of termination for coding genes were reported with this
mutant [25]. Furthermore, the molecular mechanism of floccula-
tion control, which we have described here, is distinct from a pre-
viously described mechanism for FLO1 and FLO11 genes. Normally,
the promoter of FLO1 is repressed by Tup1p and Ssn6p, and associ-
ation of the Swi/Snf complex with the FLO1 promoter de-represses
transcription of the FLO1 gene [58]. Tec1–Ste12–Msa1/2 complex is
a known transcriptional activator that binds to the promoter of
FLO11 gene and regulates its expression in a cell cycle dependent
manner. We propose that these mechanisms are also operating in
flocculating Sen1p mutants and future studies are warranted. Floc-
culation exhibited by Sen1p mutants suggests that under normal
environmental conditions Sen1p negatively regulates the tran-scription of FLO1, FLO5, FLO9, and FLO10, which prevents floccula-
tion during favorable growth conditions.
We have also determined the involvement of the other two
members of the NNS complex (Nrd1p and Nab3p) in the regulation
of flocculation (Fig. 4C and D). We also tested the likelihood of the
regulation of FLO gene expression through the formation CUTs,
using the exosomal mutant, rrp6D that genetically interact with
Sen1-K128E (Fig. 6A–D) [33]. We found that the 50-regions of
FLO1, 5 and 9 transcripts were enriched in rrp6D cells, while both
the 50 and 30 regions for FLO1, 5, 9 and 10 were enriched in NNS
complex mutant as well as rnt1D cells (Fig. 6). These results indi-
cate that at least a part of transcription of FLO genes are prema-
turely terminated by the NNS complex, leading to the production
of truncated versions of the mRNAs that are degraded by the exo-
some and Rrp6p. The proper transcriptional termination of most
primary transcripts that code for snoRNAs and snRNAs requires
the NNS complex and the CTD of RNA Pol II [27,33]. Our results
indicate that the whole NNS complex is involved in the regulation
of flocculation and the transcription of FLO genes. Previous studies
suggest that interactions with Glc7p, a protein phosphatase sub-
unit of the cleavage/polyadenylation factor, and Nab3p, require
Sen1p [27,52]. Sen1p physically interacts with Nab3p and Nab3p
directly binds to Nrd1p, but Sen1p and Nrd1p do not physically
interact [23]. Apart from the NNS complex, Nrd1p, Nab3p, and
Sen1p are also components of a larger complex that includes
RNA Pol II, the nuclear cap binding proteins Cbp20p and Cbp80p,
Spt5p, the TRAMP (Trf4/Air2/Mtr4p Polyadenylation complex)
and exosome complexes [59]. Based on our results, we propose a
model in which the NNS complex along with Rnt1p and Rrp6p
are required for the repression of FLO genes (Fig. 7). The mutation
in any of these components (NNS-complex/Rrp6p/Rnt1p) causes
Fig. 6. Analysis of CUT (Criptic Unstable Transcripts) of FLO1, 5, 8, 9 and 10 transcripts. (A–D) qPCR quantification of total 50 region(in black bar) and 30 region(in gray bar)
enrichment of FLO1, 5, 9 and 10 transcripts in WT, sen1-1, sen1-2, rnt1D, nrd1-102, nab3-11 and rrp6D mutant cells cultured in SC media. ACT1 was used to standardize
transcript levels; data represent the means ± standard errors of the results of three independent experiments. Specific primers were made for quantification of 50 and 30 region
of FLO1, 5, 8, 9 and 10 transcripts.
Fig. 7. Proposed model showing the regulation of flocculation by the NNS complex; wild-type cells during normal growth conditions target processing and degradation of FLO
mRNA through Rnt1p/Rrp6p via the NNS complex. This leads to reduced expression of flocculins making them non-flocculent, while mutation in either RNA processing/
degradation machinery or the NNS complex components cause overexpression of flocculins leading to flocculation.
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V. Singh et al. / FEBS Letters 589 (2015) 3165–3174 3173the overexpression of FLO genes (Fig. 7) leading to flocculation phe-
notype. Altogether, our findings suggest a regulatory function of
Rnt1p, Rrp6p and the NNS complex in FLOs gene expression.
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